In anode-supported solid oxide fuel cells (SOFC), the performance is often limited by the cathode. [1] [2] [3] [4] Improving cathode performance could lead to lower operating temperatures, with subsequent improvements in stability. Previously work has demonstrated that improvements can be made in cathode performance through the use of Mixed Ionic and Electronic Conductors (MIEC) in place of purely electronically conductive components, [5] [6] [7] by changing the microstructure at the electrolyte interface, [8] [9] [10] and through the use of composite electrodes containing an electrolyte material in addition to the electronic conductor. 11, 12 Unfortunately, our understanding of the factors that lead to lower overpotentials in SOFC cathodes is still limited. For example, it is generally accepted that cathode performance should scale with the ionic conductivity of the cathode material. 4, 13 However, in studies using composites prepared by infiltrating various perovskites into porous scaffolds of yttria-stabilized zirconia (YSZ), there was no measurable difference in the cathode impedances observed for perovskites with ionic conductivities that differed by as much as 600 times, even though preparation by infiltration methods allowed all of the composites to have similar structures. 14, 15 In another example, it is frequently assumed that cathode performance is limited by catalytic properties. However, even though the addition of various promoters has been reported to improve the performance of common cathode materials in some studies, 16, 17 our laboratory has determined that the enhancement appears to be due to structural changes in the electrode, rather than to any enhanced catalytic or ionic-conduction properties, since inert additives enhanced performance as much as catalytic ones. 14, 18 Clearly, there is a need for an improved understanding of the factors that limit SOFC cathode performance.
A considerable number of modeling studies with various degrees of complexity have been carried out to determine the factors that influence electrode properties and to predict electrode performance. 13, Significant effort has been put into developing a deeper understanding of the mechanisms and rate laws for oxygen exchange on model MIEC surfaces. 3, 13, [34] [35] [36] [37] [38] [39] Taking a step back, models such as those developed by Kenjo et al. and Tanner et al. lump the sophisticated mechanistic steps on the catalyst surface into a single step of dissociative adsorption and are able to provide analytical expressions for potential distribution across simple electrode geometries. 22, 41 Extensions to this work are the finite element modeling studies such as those of Nicholas et al., [25] [26] [27] Fleig et al., 40 and Lu et al. 21 As a bottom-up alternative to the approach taken by Kenjo et al. and Tanner et al. micro models are based on electrodes consisting of randomly packed spheres. [30] [31] [32] The electrical properties of such electrodes are described using the transmission line model. Arguably the most simplistic approach (often applied to the modeling of larger fuel cell systems) is that of fitting and the application of Butler-Volmer kinetics. 20, 23, 24 In this study, we build on that background with an overall goal of calculating electrode resistances with at most one fitting parameter. However, it should be noted that the aim of the present work was not to find a best fit to impedance spectra but rather to identify the key trends and variables governing the electrochemical properties of SOFC composite cathodes. Because the best cathodes tend to be composites of an oxide with MIEC and the electrolyte, we have chosen to focus our modeling efforts on composites, using experimental parameters for La 0.8 Sr 0.2 FeO 3 (LSF) and La 0.8 Sr 0.2 MnO 3 (LSM) for the MIEC and yttria-stabilized zirconia (YSZ) for the electrolyte. The properties of LSF, LSM, and YSZ are given in Table I . The structure of the composite was chosen to model that of electrodes prepared by infiltration of the MIEC component into a porous scaffold of the electrolyte. 1, 25, [42] [43] [44] [45] These electrodes differ from traditional composites in that both the MIEC and electrolyte phases are well connected within the composite, even at loadings well below those necessary for percolation in random media. 46 However, the performance of electrodes formed by infiltration has many similarities to that of traditional composites, 1 so that the ideas developed here likely apply to traditional composites as well.
Scanning electron microscopy (SEM) images of a porous YSZ scaffold and the LSF-YSZ composites formed by infiltration and calcination to either 1123 or 1373 K are presented in Fig. 1 . The images show that the perovskite exists as small particles that uniformly cover the scaffold after heating to 1123 K and that these particles sinter to form a film that appears to coat the YSZ pores after calcination to 1373 K. Results for LSM-YSZ were very similar. 18 Schematic diagrams of the fuel cell and the composite structure are shown in Fig. 2 and are similar to that used by others to model electrode performance. 22, [25] [26] [27] A diagram of the entire fuel cell is shown in Fig. 2a . Based on the SEM images, we assume that calcination at 1373 K gives rise to dense perovskite films (Fig. 2c) , while calcination at lower temperatures causes the perovskites to form smaller particles that cover the YSZ (Fig. 2b) . 14, 18, 45 Although the performance characteristics of infiltrated LSM-YSZ and LSF-YSZ cathodes depend on whether they are best described by the structure shown in either Figs. 2b or 2c, 14, 18, 43 cathodes with the film structure shown in Fig. 2c do show reasonably low impedances at 1073 K, 14, 18 despite the fact that, in the strictest sense, there are no three-phase boundary (TPB) sites available. Because modeling the structure in Fig. 2c is significantly simpler, we will focus on this system and discuss the changes that would be expected if the perovskite phase were more particulate in nature. Although Fig. 2b does not show the perovskite particles touching each other, we assume that they are connected electronically.
Considering the picture in Fig. 2c , it is apparent that oxygen transfer from the cathode to the electrolyte will involve gas-phase diffusion of O 2 into the composite, electrochemical oxidation of the perovskite surface, diffusion of the oxygen ions through the perovskite film, and transport of ions down the YSZ fins, all taking place in series. In this paper we assume that gas-phase diffusion is sufficiently fast such that the O 2 concentration is independent of position. This is the usual case for all but the thickest electrodes operating at high current densities. 47 The step that is most difficult to describe is the oxygen reduction reaction at the perovskite surface. This is most often modeled using the Butler-Volmer equation, 48 which assumes that local field gradients are strong enough to perturb the energies of species along the reaction coordinate. The equation was derived to describe reactions that take place at metal surfaces in solution, where most of the potential drop occurs across a double layer that is approximately 2 nm in thickness, 49 so that field gradients on the order of 1 V/nm are common. These are large enough to significantly alter the reaction coordinate that describes the rate constant. The Butler-Volmer equation indicates that the rate constant should have an exponential dependence on overpotential, so that the cell potential should decrease exponentially with current density near open circuit.
It is not surprising that Butler-Volmer behavior is seen in proton exchange membrane fuel cells (PEM-FC). With PEM-FC, the catalytic metals near the electrolyte interface are effectively immersed in water so as to facilitate transfer of ions into the electrolyte. The situation for SOFC electrodes is far less clear. First, there are many examples in the literature for which the electrode impedance is independent of current density and is the same under cathodic and anodic polarization 14, 18, 36, [50] [51] [52] [53] [54] and this current independence has been observed in cells with electrolytes as thin as 15 m. 55 An example of this is shown in Fig. 3 , which is the V-i polarization curve for a cell operating under fuel-cell and electrolysis conditions at 973 K, with a 50% CO-CO 2 mixture on the fuel side and an infiltrated LSF-YSZ electrode on air side. Additional details on this cell are given elsewhere 56 ; here, we simply note that the constant slope demonstrates the impedances for both electrodes are independent of current density and the same under fuel-cell and electrolysis conditions as at open circuit.
While there are also many examples of nonlinear V-i curves, it should be noted that the overall shapes of these curve are often significantly different from that predicted by Butler-Volmer. 57, 58 Furthermore, there are multiple possible explanations for nonlinear V-i curves, such as the hysteretic effects observed with LSM composite cathodes. 44 Second, while field gradients exist in SOFC electrodes, the length scale over which overpotential differences occur is likely much longer than 1 nm; so that field gradients are likely small. Field gradients less than 0.01 V/nm will not significantly affect the barrier height along the reaction coordinate for most reactions. For these reasons, we propose an alternative model of cathode impedance that does not rely on Butler-Volmer kinetics. We recognize that there may be field gradients due to space-charge at the MIEC-air interface that will be important in determining adsorption rate constants but these are not related to overpotential. Finally, although the LSF-YSZ electrodes that we are modeling show identical behavior under cathodic and anodic polarization, there are other cases where differences are observed.
As noted above, we consider two processes as being the most likely to limit the performance of the air electrode: dissociative adsorption of gas-phase O 2 onto the perovskite surface and diffusion of oxygen ions through the perovskite film. We treat adsorption as a reaction involving the dissociation of gas-phase O 2 onto oxygen vacancies on the surface of the perovskite, with the rate expressed in terms of a surface flux given by the Kinetic Theory of Gases and a reactive sticking coefficient. This sticking coefficient is the probability that an O 2 molecule which collides with an oxygen vacancy will then adsorb. Vacancy concentrations in the perovskite are determined from equilibrium data, 3, [59] [60] [61] [62] [63] [64] [65] so that only the sticking coefficient, a number between 0 and 1, is unknown. Using the model structure presented in Fig. 2c , electrode resistances are calculated based upon experimental parameters determined from characterization of actual cathodes prepared by infiltration. The effects of changing individual parameters are discussed and strategies for improving cathode performance are proposed.
A glossary of symbols and their definitions is presented at the end at the end of this manuscript. We will first present the steadystate models, then solve for the expected electrode resistances for cases where adsorption of O 2 is rate-limiting or diffusion of ions through the perovskite film is rate limiting. We will then estimate the capacitances that would be expected for the electrodes in nonsteady-state measurements.
Steady-State Model
Structure of the composite electrode.-The cathode geometry presented in Fig. 2c consists of a series of straight YSZ fins of height, h, and width, w, stemming from the solid YSZ electrolyte and extending to a distance Z in the z-direction. Each fin is separated from the next by a distance, L. Although these fins are pictured as straight, we incorporate a tortuosity factor, s. This is in recognition of the fact that the YSZ scaffold of the actual cathode through which the ions will be diffusing could have a complex geometry and a length scale greater than h. This tortuosity effectively reduces the ionic conductivity of the YSZ fins by a factor of s such that
where r 0 YSZ and r YSZ are the effective and bulk ionic conductivities of YSZ, respectively. It is important to note that we are defining s for the conduction of ions in the YSZ, not for diffusion in the gas phase.
The parameters defined here can be related to experimental parameters. For example, the tortuosity can be estimated from four probe conductivity measurements on porous slabs. 66 The resulting tortuosity value arises from the network of interconnected YSZ fins (the contribution from dead-end fins is not explicitly accounted for). For straight YSZ fins shown in Figs. 2b and 2c, the conductivity would be that of bulk YSZ multiplied by (1-p), where p is the porosity of the YSZ scaffold. The width, w, of the fins is the characteristic size of the YSZ scaffold and can be estimated from the SEM in (Fig. 1a) . L, the characteristic repeat distance in the scaffold, can be related to w and p from Eq. 2
These parameters can also be related to the specific surface area of the YSZ scaffold, S g , a parameter that can be measured using BET isotherms
The perovskite phase is assumed to form a dense film of thickness k on the YSZ fins. This thickness can be calculated from the weight percentage of the infiltrated perovskite phase, h, the density of the perovskite, q, and the surface area of the YSZ scaffold.
The Potential Within the YSZ Fin
All assumptions used in this model are summarized in Table II . When modeling the electric potential, U, within the YSZ fins, we assume that the YSZ has uniform ionic conductivity, r YSZ , and negligible electronic conductivity. Because the height of the fins is much larger than the width, gradients in the x-direction are assumed negligible, as is ion flow through the perovskite film at the top of the fin. (This is essentially the fin approximation with an adiabatic tip.) Defining i(y) as the current flowing down the fin at any position y and i S 00 as the flux of charge coming into the fin through the perovskite film, the steady-state charge balance becomes Eq. 5
The electronic conductivity of the perovskite phase is assumed to be very large, so that the electrical potential of the perovskite phase is fixed. The boundary conditions for Eq. 5 are then given by Eqs. 6 and 7, which simply state that the potential at the electrolyte interface is equal to the cathode overpotential and that there is no current flow from the top of the fin
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If we allow h to go to infinity, the condition in Eq. 7 implies that h is greater than the thickness of the electrode active region, h AR , that part of the electrode in which essentially all of the oxygen reduction takes place. Previous work has shown the active region of some state-of-the-art cathodes to be as small as 10 m (Refs. 8 and 67) although the thickness of the active region will be larger in poorer performing electrodes.
Charge flux through the perovskite film.-To solve Eq. 5, an expression is needed for i S 00 , the current flux originating from ions coming through the perovskite film. We will consider two limiting cases: (1) The case where the perovskite surface is in equilibrium with the gas phase and oxygen ion diffusion through the perovskite is limiting; and (2) the case where diffusion through the perovskite film is relatively fast so that oxidation of the perovskite surface is rate limiting. Throughout this manuscript, we assume that the change in vacancy concentration in the perovskite is small enough that the ionic conductivity can be assumed to be constant, whereas gradients in the vacancy concentration are still large enough to drive an oxygen flux.
Diffusion limiting.-The ion diffusion through the perovskite film is given by Eq. 8 14, 63 
Here, PO 2surf and PO 2fing correspond to the oxygen fugacities at the film surface in contact with the atmosphere and with the YSZ fin, respectively. r amb is the ambipolar conductivity of the perovskite as defined by Eq. 9 (Refs. 14 and 63) and is assumed to be constant
For materials with much higher electronic than ionic conductivities, as are the cases for LSF and LSM, the ambipolar conductivity is essentially equal to the ionic conductivity. For the case where diffusion of ions through the perovskite film is rate-limiting, PO 2surf is simply 0.21 atm. We assume equilibrium exists at the perovskite-YSZ interface, so that PO 2fing can be related to the potential within the YSZ fin using the Nernst equation
In Eq. 10, we implicitly also assume that there is no material difference between current collector and counter electrode, as well as no difference between the counter electrode potential and that of the electrolyte at the point of contact with the counter electrode. By combining Eqs. 8 and 10, the flux of oxygen ions through the perovskite film at any position can be directly related to the electric potential within the YSZ fin. Finally, the oxygen flux can be related to i S 00 through Eq. 11
Surface reaction limiting.-Although the dissociative adsorption rate of O 2 onto the perovskite surface could have been written in terms of surface-exchange rates, this formalism would not have allowed the rates to be expressed in terms of the oxidation state of the surface. Therefore, for the surface reaction-limited case, we assume that oxygen incorporation into the perovskite can be treated as a reaction between gas-phase O 2 and the oxygen vacancies in the perovskite lattice. If the vacancies are identical and independent of each other, the rate per area of surface will be proportional to the Eq. 5
2. Since w << h, current density within the YSZ fin is a function of y only (fin approximation).
Eq. 5
3. Ion flow through the perovskite film at the top of the fin is negligible (adiabatic tip approximation).
Eq. 7
4. The change in vacancy concentration in the perovskite film is small enough so that r amb can be considered constant, while the field gradient is still large enough to drive an oxygen flux. In other words, we assume that the ionic conductivity of the perovskite does not change with PO 2 .
Eq. 8
5. The electronic conductivity of the perovskite phase is assumed to be very large relative to the ionic conductivity.
Eq. 9
6. Equilibrium exists at the perovskite-YSZ interface. No chemical potential difference exists between current collector and counter electrode, as well as between the counter electrode and the electrolyte at the electrolyteelectrode interface.
Eq. 10
7. The oxygen vacancies on the perovskite surface are identical and independent of each other.
Eq. 12
8. The concentration of oxygen vacancies on the perovskite surface is proportional to d in ABO 3-d .
Eq. 13
9. Only O 2 molecules impinging on unfilled lattice sites will be able to react with the surface.
10. Non-stoichiometry d varies linearly with respect to log(PO 2 ).
Eq. 14 11. Particulate electrode (Fig. 2c) can be modeled as a thinfilm electrode ( Fig. 2b ) with an increased surface area for adsorption.
À collision frequency between gas molecules and the surface and given by Eq. 12
Here, S is the sticking coefficient, the probability that a molecule striking the surface will adsorb. Because a molecule must find a vacancy site in order to react, the sticking coefficient will depend on the vacancy concentration of the perovskite and a vacancy sticking probability, S 0 . For a perovskite of composition ABO 3-d , it is reasonable to suggest, as a first approximation, that
where S 0 is a constant at any given temperature and the term in parenthesis is the fraction of oxygen lattice sites that are vacant in the bulk. We are assuming here that only O 2 molecules impinging on unfilled lattice sites will be able to react with the surface. Although S may depend on the square of the vacancy concentration for dissociative adsorption (i.e. adsorption of an O 2 molecule will require two available sites, one for each oxygen atom.), we treat the dependence of S on the vacancy concentration as linear for simplicity in order to obtain an analytical solution. Furthermore, adsorption of non-dissociative molecular O 2 is known to be the rate limiting step for CO oxidation on Pt, 68 so that Eq. 13 may indeed be a better description of the actual kinetics. Although we recognize that oxygen adsorption rates in SOFC are more typically described using an exchange coefficient, k*, the advantage of using a sticking coefficient is that it allows us to define a rate constant, S 0 , that is not dependent on PO 2 . It is noteworthy that k* has been shown to vary with PO 2 in ways that correlate with bulk oxygen vacancy concentrations in perovskite cathodes, an observation that supports the validity of the assumption made in Eq. 13.
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At equilibrium, d will be a function of stoichiometry, temperature, and PO 2 . For most materials of interest for SOFC cathode applications, d varies almost linearly with respect to log(PO 2 ) over the range of interest for SOFC cathodes, 1 > PO 2 > 10 À5 atm, as demonstrated by the thermodynamic data for LSM, LSF, and LSCo presented in Fig. 4 . 60, 62, 63 Therefore, we express the concentration of oxygen vacancies at the perovskite surface using Eq. 14
Here, m and b are the slope and intercept of a plot of d versus log(PO 2 ). From Fig. 4 , it can be seen that m and b vary widely with perovskite composition. Upon combining Eqs. 12, 13, and 14, the adsorption rate can be expressed as follows
When rates are limited by surface adsorption (i.e. diffusion of ions through the perovskite film is relatively fast), the surface vacancy concentration will be equal to that of the bulk and PO 2surf will be equal to PO 2fing . In the absence of ion flow (open-circuit conditions for the electrode), there will be an equilibrium vacancy concentration corresponding to the PO 2atm of the gas phase within the electrode. Because O 2 desorption must balance O 2 adsorption in order to establish this equilibrium, we define this equilibrium desorption as the adsorption rate at PO 2atm . If we assume that lattice oxygen sites are equivalent and that changes in d are small, it is reasonable to assume that the desorption rate, r des , is constant and given by Eq. 16
As with the diffusion-limited case, the adsorption rate can then be related to the potential at any position along the YSZ fin and the net rate of adsorption can be related to i S 00 through Eq. 17
Analytical, Steady-State Solutions
Because the net rate of oxygen adsorption at the gas-phase surface of the perovskite film must equal the flux of ions through the film, Eqs. 8 and 15 can be combined to solve for the oxygen fugacity of the perovskite at the gas-phase surface, Eq. 18
In this equation, there is no assumption as to whether the rate is limited by adsorption or diffusion; A and B are the prefactors for the diffusive flux and adsorption rate, respectively
and
The relative magnitude of A and B determines which process is rate limiting. If A is much larger than B, PO 2surf will become equal to PO 2fing and surface adsorption is rate limiting. Conversely, if B is much larger than A, diffusion is the rate limiting process and PO 2surf will become equal to PO 2atm. We consider the analytical solutions for the expected electrode resistances for each of these limiting cases separately.
Diffusion limited.-By combining Eqs. 8, 10, and 11, the oxygen flux can be related to chemical potential at any given point in the YSZ fin, allowing one to solve for i S 00 at any position along the fin, providing an expression for the amount of current entering the YSZ fin at a given point
Solving Eq. 5 using the boundary conditions specified in Eqs. 6, 7 (with h ¼ 1), and 21 provides expressions for the potential and the total current within the YSZ fin. From these, the DC electrode resistance, R, can be calculated from the ratio between the overpotential and the current. These solutions are shown in Eqs. 22 through 24
UðyÞ
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[23]
Although these results will be discussed more in depth later, it is worth noting that the dependence of the resistance upon r amb À1/2 is analogous to the result found by Adler and coworkers 13 when modeling the impedance of a porous layer of a mixed conducting material on a flat electrolyte. where E is a simplifying collection of constants:
1=2 ðR g TÞ 3=2 [26] Substituting this expression into Eq. 5 and again using the boundary conditions specified in Eqs. 6 and 7 (for h ¼ 1), we obtain expressions for the potential in the YSZ fin, the total current from each fin, and the overall electrode resistances, Eqs. 27 through 29
An important conclusion from this result is that the electrode resistance depends primarily on the slope, m, of the equilibrium, redox isotherm for the perovskite. This suggests that more reducible materials should show lower resistances. For both the diffusion-limited case, Eq. 24, and the adsorption-limited case, Eq. 29 the electrode impedance depends on structural properties (porosity and fin size) and the dependencies shown are similar to those proposed previously by Tanner, et al. 22 Both results also show an inverse square-root dependence of the electrode resistance on the ionic conductivity of the electrolyte scaffold. This suggests that the use of composites with an electrolyte of higher ionic conductivity (i.e. Gd-doped ceria) should decrease the impedance regardless of whether adsorption or diffusion is limiting. Finally, it is interesting to consider that the resistances obtained for both cases should not depend on the direction of the currents, so that impedances for electrodes operating cathodically or anodically should be the same, as we have already observed is often the case experimentally, as in Fig. 3 .
Effect of Perovskite Structure
It is interesting to consider the case where the perovskite particles are more particulate in nature, similar to that shown diagrammatically in Fig. 2b , rather than film-like. Equations 5 through 7 which describe the potential in the YSZ fin would remain unchanged from the film case described above. Only the expression for i S 00 would be affected. Coming up with an expression for i S 00 in this situation is now more difficult. Considering just an individual perovskite particle on the YSZ surface, the picture is essentially that which is commonly used in modeling TPB sites. 21 There will now be sites where the perovskite particle, the YSZ, and the gas phase all come into contact. In principle, O 2 molecules could adsorb on the perovskite particles at sites far from the TPB sites and then diffuse to the YSZ interface, either through the bulk or along the perovskite surface.
For the case where adsorption of O 2 is rate limiting, the entire perovskite particle will be at the same chemical potential, determined by the potential of the YSZ at that position along the fin. The solutions given in Eqs. 27-29 would apply to this case, except that there would now be an increased surface area for adsorption. The surface area in the rate expression of Eq. 12 is accounted for only in the perimeter of the YSZ fin. Depending on whether oxygen ions can be transferred between adjacent perovksite particles (Contact is required for electrical conduction.), the available surface area could be that of the particles in contact with the YSZ or could include particles that are only in contact with the YSZ through their interaction with other particles.
For the diffusion-limited case, the question is the relative importance of TPB sites compared to that of the bulk sites at the point of contact between the perovskite particles and the YSZ. For the "bulk" sites, Eqs. 22 through 24 still approximately apply, although the relevant length scale for diffusion, k, would now be the particle size. For both the diffusion-limited and surface-adsorption-limited cases, the electrode impedances are expected to be smaller for the particulate case.
Non-Steady State Solutions
The framework developed in the previous sections can also be used to model the time response of the system to sudden changes in the cathode overpotential. Rather than using the steady-state approximation for the permeation flux through a thin perovskite film as specified in Eq. 8, the flux entering the YSZ fin, which is related to i S 00 through Eq. 11, can be expressed in terms of the oxygen-ion concentration gradient by the tracer self-diffusion coefficient, D, such that
The ionic conductivity can then be expressed in terms of the diffusion coefficient D and the stoichiometry parameter, d, as shown in Eq. 31
where V is the volume of the perovskite unit cell. Substituting Eq. 14 into 31, we obtain
It is important to note that the relationship between r i and D includes a dependence on m, the reducibility parameter. The timedependent, oxygen-ion concentration profile within the film was then modeled using a one-dimensional form of Fick's second law of diffusion
J O 2 can again be expressed in terms of i S 00 through Eq. 11. At the interface between the perovskite and the YSZ fin, a pair of matching conditions was used such that the chemical potential in the film and the fin were equal and that the fluxes of ions leaving the film and entering the fin were equal. At the perovskite surface in contact with the gas phase, net O 2 adsorption was again modeled according to Eqs. 15 and 16.
Electrochemical impedance spectroscopy (EIS) is a powerful technique that can provide information for identifying these different processes. These measurements can be performed either through sine wave testing or through current-or potential-step techniques, both of which provide identical information about the system being tested. Sine wave testing typically consists of applying a sinusoidal current perturbation and measuring the phase-shifted potential response of the system. The complex frequency domain impedance, Z(m) ¼ U(m)/i(m), is measured across a range of frequencies and presented on a Nyquist plot. Similarly, a potential step can be applied to the system while the current response is measured. Frequency domain data, identical to that which would be measured using sine wave testing, can then be obtained by performing a Fourier Transform of the time-dependent current and voltage profiles, i(t) and U(t), followed by complex division. [70] [71] [72] [73] For the simulations in this work, we modeled the current responses to step changes in the cathode overpotential. For t < 0, the system was assumed to be at "open-circuit" voltage, with no overpotential applied to the YSZ fin. Because the system was considered at equilibrium, the vacancy concentration everywhere within the perovskite was set equal to C 0 , the concentration of oxygen ions at PO 2atm , corresponding to an overpotential of 0 V. Beginning at t ¼ 0, the overpotential at the base of the YSZ fin was set equal to U 0 . Following this step change in potential, the current responses were calculated until new steady states were reached. Representative examples of the potential step, with a U 0 ¼ 0.01 V, and the resulting current response are provided in Fig. 5 , as well as the corresponding Nyquist plot, shown in Fig. 6 . By integrating the current response of the system over time, the capacitances were obtained. Because this model incorporated both oxygen adsorption at the perovskite surface and diffusion through the perovskite film, it allowed the calculation of resistances and capacitances for co-limited cases as well as the purely diffusion or adsorption limited cases addressed previously. Since these results were obtained numerically, they will be presented in the next section for various ranges of parameters.
Model Implications and Example Calculations
In this section, we examine the implications of this model for typical experimental conditions. Unless otherwise noted, all calculations use the thermodynamic and conductivity parameters presented in Table I and the structural parameters presented in Table III .
Electrodes based on infiltrated LaFeO 3 .- Figure 1b shows an SEM micrograph of an LSF-YSZ electrode prepared by infiltration of 40-wt % LSF into a YSZ scaffold that was 66% porous, after calcination to 1373 K.
14 This electrode was prepared as part of a study in which LaFeO 3 -based electrodes were synthesized with Ca, Sr, and Ba as dopants in order to examine the effect of changes the ionic conductivities.
14 A related study of infiltrated LaNi 0.6 Fe 0.4 O 3 and La 0.91 Sr 0.09 Ni 0.6 Fe 0.4 O 3 was carried out with the same YSZ scaffold and treatment conditions. 15 Of particular importance here is the fact that all of the parameters from our calculations, with the exception of S 0 , have been measured in the characterization of these electrodes.
The impedances of electrodes made with all of the above perovskites, at 973 K in air, depended on current density; but, at open circuit, the impedances of the electrodes calcined at 1373 K were $3 XÁcm 2 . The impedances did not show the logarithmic dependence that would be expected for Butler-Volmer behavior 45 and the differences in the open-circuit impedances after calcination to 1373 K appear to be within the variability of different measurements. 14, 18 If the electrodes were limited by oxygen-ion diffusion through a dense perovskite film, the resistances can be calculated using Eq. 24. Using the parameters from Table I , the anticipated electrode impedances would vary from 0.06 XÁcm 2 with LSF-YSZ electrodes to 0.3 X cm 2 for the LCF-YSZ electrodes as shown in Table IV . Since one would expect this calculation to overestimate the resistance, given that the experimental perovskite films are almost certainly not perfectly dense, the fact that the measured impedances are significantly larger than the values predicted by the diffusion-limited calculation implies that diffusion limitations are likely not important. Another way of looking at the issue is to calculate what the ionic conductivity would have to be in order for the electrodes to exhibit an impedance of 3 X cm 2 . Based on Eq. 24, the parameters in Table III , r amb would have to be less than 10 À7 S/cm. Although doped LaFeO 3 species have ionic conductivities much greater than this value, studies have shown LSM to have a significantly lower ionic conductivity. 74 This lower ionic conductivity suggests that LSM-YSZ electrodes may be limited by diffusion. This provides a possible explanation as to why LSM shows higher impedances compared to doped LaFeO 3 .
18,75 Figure 7 shows the resistance as a function of perovskite and YSZ ionic conductivity for the diffusion limited case as calculated by Eq. 24.
If one assumes that the adsorption rate is limiting and that the vacancy concentrations at a given PO 2 are similar across this set of samples, Eq. 29 can be used to estimate a sticking coefficient for the Table III vacancy sites, S 0 . As shown in Fig. 8 , using an electrode resistance of 3 X cm 2 and the parameters in Tables I and III , S 0 is calculated to be $10
À4
, a reasonable value for a reactive sticking probability. This, along with the fact that the resistances did not change with ionic conductivity in this series, suggests that the performance of the infiltrated LaFeO 3 -based electrodes was limited by adsorption.
As noted previously, when modeling dissociative adsorption, S is typically assumed to depend on the square of the vacancy concentration, effectively replacing Eq. 13 with Eq. 34
Because the d is of the order $0.1 for overpotentials between 0.1 and 0.2 V in LSF, the presence of this additional term would require that the value of S 0 increase by a factor of 30 to obtain resistances of
. It is also worth noting that the use of Eq. 34 will also introduce a non-linearity into the resulting V-i curve. For example, when using a S 0 of 30 Â 10 À4 and the parameters specified in Tables I and III , the calculated resistances are $3 X cm 2 at an overpotential 0.01 V and $2 X cm 2 at an overpotential of 0.25 V. This suggests that dissociative adsorption may be a cause of the nonlinear V-I curves sometimes seen experimentally.
When calcined at only 1123 K, all of the LaFeO 3 -based electrodes showed perovskite particles that were particulate in nature, rather than film-like, similar to that shown in Fig. 2b . All of these electrodes exhibited a current-independent impedance of 0.2 X cm 2 at 973 K. 6 As discussed earlier, the particulate nature of the infiltrated perovskites would be expected to affect both the diffusion-limited and the adsorption-limited case, so that this observation cannot be used to infer which process is limiting. However, if diffusion is not limiting for the electrodes calcined at 1373 K, diffusion limitations will certainly not be a factor for 1123-K electrodes, given that the length scale for diffusion will be much smaller.
Comparison of sticking coefficient to alternate rate expressions.-In SOFC, O 2 adsorption rates are most commonly presented in terms of the exchange coefficient, k*, or exchange current density, i 0 , rather than a sticking coefficient. Values of k* are typically determined from isotope exchange experiments 63 and can be related to oxygen adsorption through the relation r ads ¼ k*ðC A0 À CÞ [35] where k* has units of cm/s, and C A0 is the oxygen concentration of the surface in equilibrium with the gas. , which are in general agreement with the value of S 0 ¼ 10 À4 coming out of our calculations. Exchange current densities are sometimes used as fitting parameters in the Butler-Volmer expression and correspond to the forward and reverse reaction rate at equilibrium. By substituting Eqs. 13 and 14 into Eq. 12 and assuming PO 2 ¼ PO 2atm at equilibrium, an S 0 value of the 10 À4 can be shown to correspond to an i 0 of 1.3 mA/ cm 2 . This value is somewhat lower than the i 0 ¼ 300 mA/cm 2 reported in the literature for LSF at 973 K. 77 Thickness of the electrochemically active region.-The analytical solutions for the adsorption-and diffusion-limited cases were derived assuming the electrodes were infinitely thick. It is therefore of interest to relax the assumption of an infinitely thick electrode Figure 6 . The corresponding Nyquist plot for the data presented in Figure 5 . Figure 7 . DC resistance as a function of perovskite and YSZ ionic conductivity for the diffusion limited case as calculated by Eq. 24 using the parameters outlined in Table III and determine the thickness of the active region, where the majority of the electrochemical reaction takes place. Equations 22 and 27 indicate that electrical potential within the YSZ fins decreases exponentially; when the electrical potential in the YSZ is zero, there is no potential driving force for oxygen transport through the perovskite. Defining h AR as the distance into the electrode at which the potential is 10% of the total electrode overpotential, it can be shown through manipulation of Eqs. 22 and 24 or 27 and 29 that
For a measured impedance of 0.3 X cm 2 using porosity values provided in Table III , this equation predicts that the active region will be $7 m thick. This is in good agreement with literature reports that have determined the active region to be on the order of 10 m thick. 8, 67 When the electrode thickness is less than h AR , the electrode impedance will be greater than that calculated from Eqs. 24 or 29, and Eq. 5 must be solved with the appropriate value of h for the boundary condition in Eq. 7. To demonstrate the effect that thinner electrodes can have, we present results from a calculation in which adsorption is assumed to be rate limiting, with S 0 equal to 10 À4 . Using the physical parameters listed in Table III , the electrode impedance for an infinitely thick electrode is determined to 3.1 X cm 2 and h AR is found to be $65 m from Eq. 36. Figure 9 shows numerically calculated results for the potential within the YSZ fins for electrodes having thicknesses of 20, 50, and 100 mm, assuming an overpotential of 0.2 V. For an electrode that is 100 m thick, the potential profile is very similar to that which would be observed for an infinitely thick electrode and the electrical potential at the tip of the YSZ fin is approximately 0.02 V. The calculated impedance is identical to that obtained from Eq. 29, 3.1 XÁcm 2 . For the 20-and 50-m electrodes, the potentials within the electrode deviate from that of Eq. 27 but the calculated resistances, 3.33 and 5.42 XÁcm 2 , were significantly different only for the 20-m electrode.
Non-Steady State Solutions
In the following sections, we used the time-dependent equations to examine the effects of D and S 0 on the electrode resistances and capacitances. The work in this section assumes an electrode thickness of h ¼ 50 m.
Diffusion and adsorption co-limited resistances.
-To determine what the effect would be of having diffusion and adsorption be colimiting, we calculated electrode resistances from the solution to the non-steady-state equations after long times. The results for typical experimental parameters from Table III are shown in Fig. 10 as a function of the diffusion coefficients and sticking coefficients. As expected, for a given value of D, the diffusion-limited case gives the lowest possible impedance and this minimum value decreases as D increases. Figure 10 also illustrates that for a given sticking coefficient, once the diffusion coefficient is sufficiently large and diffusion is no longer limiting, the impedance becomes independent of D.
Calculated capacitances.-Characterization of electrode performance by impedance spectroscopy measures the time response of the electrode to changes in the input. The capacitance of the electrode is measured in addition to the electrode impedance. To determine expected electrode capacitances for our model, we numerically calculated the current response to step changes in the overpotential from U ¼ 0 to 0.01 V. This step change caused spikes in current density, which then relaxed to the steady-state currents expected for the steady-state electrode resistances. The area under the plot of current-versus-time was used to calculate the capacitance, similar to what would be done experimentally in currentinterrupt measurements. It should be noted that we have ignored double-layer capacitances that can be found at rate-limiting air-MIEC interfaces. Figure 11 shows the calculated capacitances as a function of both D and S 0 , again using physical parameters from Table III . As with the calculated resistances in Fig. 10 , the purely diffusion-limited case provides the minimum capacitance value for a given D. For the cases where the adsorption rate becomes limiting, the calculated capacitance decreases as the sticking coefficient decreases. For a given S 0 , the capacitance values are fairly constant and the adsorption and diffusion co-limited regions are not as easily identifiable as they were from Fig. 10 .
Analysis of non-steady state solutions.-From the results in Figs. 10 and 11, it is possible to calculate the characteristic frequency for the electrode. Often, electrode impedances are modeled using equivalent RC circuits such that the characteristic frequency, f, can be related to the low-frequency intercept, R, and the electrode capacitance, C p , by Figure 8 . DC resistance as a function of perovskite and YSZ ionic conductivity for the diffusion limited case as calculated by Eq. 29 using the parameters outlined in Table III and h ¼ 1. The secondary axis illustrates the thickness of the active region for a given resistance using r 0 YSZ ¼ 0.0029 S/cm. Figure 9 . Potential profile within the YSZ fin for an applied overpotential of 0.2 V and electrode thicknesses, h, of (n) 100, () 50, and (~) 20 m. Profiles are based upon the adsorption limited case with a S 0 value of 10 À4 and the parameters listed in Table III . Calculated resistances are provided for each electrode thickness.
f ¼ 1 2pRC p [37] This characteristic frequency has been used to identify the process contributing to the impedance, with the assumption that larger frequencies correspond to electrochemical reactions and lower frequencies to diffusion processes. Figure 12 combines the data of Figs. 10 and 11, showing impedance as a function of frequency. The uppermost curve, off of which the different branches emanate, corresponds to the purely diffusion limited case. Each of the branches from the main curve represents a particular value of S 0 ; these branches deviate from the main curve at the point where adsorption becomes limiting for that particular S 0 .
The characteristic frequencies in Fig. 12 agree very well with the range of frequencies observed experimentally for infiltrated LSF-YSZ (Ref. 45 ) and LSM-YSZ (Ref. 44 ) electrodes. For calcination at 1123 K, the infiltrated LSF-YSZ electrodes exhibited an impedance of 0.2 X cm 2 and a characteristic frequency of 400 Hz, which changed to 3 X cm 2 and 4 Hz after calcination to 1373 K. A selection of experimentally measured frequencies and impedances are presented for comparison as individual data points in Fig. 12 .
However, one very interesting result from Fig. 12 is that the characteristic electrode frequencies are very similar for the diffusion-limited and the adsorption-limited cases. In general, the frequencies for a given impedance differed by a factor of only two for the two different limiting cases. Closer inspection shows that this result should have been expected. For both diffusion and adsorption limits, the electrode capacitance results from diffusion of ions out of the perovskite film. In both cases, a step change in the overpotential requires diffusion of ions from that part of the perovskite that is in contact with the YSZ. The only difference between the two cases is that perovskite surface in contact with the gas phase remains unaffected in the diffusion-limited case but decreases over time in the adsorption-limited case. Therefore, an important consequence of the model is that the characteristic frequency does not allow one to argue which of these two processes is rate limiting.
Effect of thermodynamics on electrode performance.-It was shown in Eq. 29 that the electrode impedance for the adsorption limited case depends on the slope, m, of the equilibrium, redox isotherm for the perovskite. Using the non-steady-state model, the effect of varying m was examined for an adsorption limited, a diffusion limited, and a co-limited case. As shown in Fig. 13 , increasing values of m lead to decreasing electrode resistances regardless of the limiting mechanism. This agrees with expectations from the steady-state solutions, since the substitution of Eq. 32 into Eq. 24 for the diffusion-limited case illustrates a dependence on m similar to that seen in Eq. 29 for the adsorption-limited case. This result suggests that highly reducible materials (i.e. LSCo) should provide superior performance for both the adsorption-and diffusion-limited cases. It is worth noting, however, that large values of m and high ionic conductivities are often related.
Conclusions
In this paper, we have modeled the electrode properties of electrodes formed by infiltration of perovskites into a porous layer of the electrolyte, followed by calcination to temperatures high enough for the perovskite to form a dense film of the electrolyte scaffold. Although the model is very simple, it captures the essential features that O 2 must adsorb onto the perovskite and then diffuse through the perovskite. By comparison with experimental data, the model shows that adsorption of O 2 onto the perovskite surface is likely rate limiting for perovskites with ionic conductivities greater than 10 À7 S/cm. According to the model, electrode impedances depend strongly on the ionic conductivity of the electrolyte scaffold, the structure of the scaffold, and the slope of the perovskite oxidation isotherm. Finally, the characteristic frequency of the electrode cannot be used to determine whether diffusion or adsorption are rate limiting.
